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Abstract

Coronavirus disease 2019 (COVID-19) is the second pandemic of the twenty-first century, with over one-hundred
million infections and over two million deaths to date. It is a novel strain from the Coronaviridae family, named Severe
Acute Respiratory Distress Syndrome Coronavirus-2 (SARS-CoV-2); the 7th known member of the coronavirus fam-

ily to cause disease in humans, notably following the Middle East Respiratory syndrome (MERS), and Severe Acute
Respiratory Distress Syndrome (SARS). The most characteristic feature of this single-stranded RNA molecule includes
the spike glycoprotein on its surface. Most patients with COVID-19, of which the elderly and immunocompromised
are most at risk, complain of flu-like symptoms, including dry cough and headache. The most common complications
include pneumonia, acute respiratory distress syndrome, septic shock, and cardiovascular manifestations. Transmis-
sion of SARS-CoV-2 is mainly via respiratory droplets, either directly from the air when an infected patient coughs or
sneezes, or in the form of fomites on surfaces. Maintaining hand-hygiene, social distancing, and personal protective
equipment (i.e, masks) remain the most effective precautions. Patient management includes supportive care and
anticoagulative measures, with a focus on maintaining respiratory function. Therapy with dexamethasone, remdesivir,
and tocilizumab appear to be most promising to date, with hydroxychloroquine, lopinavir, ritonavir, and interferons
falling out of favour. Additionally, accelerated vaccination efforts have taken place internationally, with several promis-
ing vaccinations being mass deployed. In response to the COVID-19 pandemic, countries and stakeholders have taken
varying precautions to combat and contain the spread of the virus and dampen its collateral economic damage. This

review paper aims to synthesize the impact of the virus on a global, micro to macro scale.
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Introduction

Novel Coronavirus disease 2019 (COVID-19) was
crowned as the second pandemic of the twenty-first
century by the World Health Organisation (WHO) on
March 11th, 2020 [1]. COVID-19 is caused by the Severe
Acute Respiratory Distress Syndrome Coronavirus-2
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(SARS-CoV-2), a novel strain from the Coronaviridae
family, first isolated in Wuhan (China) after a cluster
of outbreaks. SARS-CoV-2 is a positive-sense, single-
stranded enveloped RNA virus that transmits via res-
piratory droplets and fomites. The virus causes a disease
spectrum ranging from asymptomatic to severe acute
respiratory distress syndrome (ARDS), and death. Man-
agement of this novel disease remains largely supportive,
with no approved medications available for treatment [2].

Only after around two months since the initial case
report in Wuhan, the first one thousand infections were
recorded. Within a short period of time, the infection rate
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had grown exponentially, and as of February 25, 2021,
over one-hundred and thirteen million infections have
been registered globally, with over two million deaths
(~2.2% overall mortality to date, which has been reduced
from the ~5% mortality at the start of the outbreak) [3,
4]. As global leaders and civil servants worldwide enforce
life-altering regulations to contain the disease, scientists
scramble to develop timely vaccines, and with healthcare
providers treating patients on the frontlines and testing
new treatments, it is now more important than ever for
the research community to disseminate timely, evidence-
based, and up-to-date information about COVID-19
for the public and medical communities alike, both for
current and future reference. Therefore, the aim of this
review is to provide a holistic, comprehensive overview,
both in a retrospective and interim manner, of the rele-
vant epidemiology, pathogenesis, management, potential
therapies and vaccines, global efforts, disease burden, and
preventive measures that have and can be implemented
in the global pursuit of containing COVID-19.

Search strategy and selection criteria

A range of databases and search strategies were adopted
in order to curate a comprehensive overview that
addresses the topic from various angles. The WHO
Global COVID-19 Database, PubMed, Google Scholar,
and medRxiv were mainly searched. Additionally, the
WHO and US CDC webpages were often searched for
guidelines and data. External webpages such as Clini-
calTrials.gov, Our World in Data (OWID), the Oxford
COVID-19 Government Response Tracker (OxCGRT),
governmental and ministerial webpages, and other UN
and Economic related forums and reports were fre-
quently referenced. Alternatives of the ‘COVID-19 term,
such as 2019-nCov, ‘Novel Coronavirus, ‘Coronavirus
2019; ‘SARS-CoV-2, ‘SARS-2'..etc. were used along-
side the terms relevant to each sub-header. Non-peer
reviewed work was at times referenced due to the excep-
tional nature of the topic at hand. Papers were only refer-
enced if they were primarily written in English or Arabic,
or secondarily referenced in English from a different
language. A diverse list of works were reviewed and dis-
cussed, ranging from case reports to systematic reviews.

Epidemiology

In late December 2019, numerous local healthcare insti-
tutions in Wuhan, Hubei Province, China had reported
several clusters of atypical pneumonia cases (27 cases
total) with signs and symptoms greatly resembling those
of viral pneumonia, seemingly linked to the South China
Seafood City (Huanan Seafood Wholesale Market) [1, 5—-
7]. Shortly thereafter, on December 31, 2019, the Wuhan
Municipal Health Commission issued a notification to
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the Chinese Center for Disease Control (China CDC).
This resulted in a Chinese rapid response team dis-
patched to undertake immediate investigations, and a
subsequent alert issued to the WHO (Fig. 1) [8, 9]. Since
then, the Wuhan Seafood Market, which was epidemio-
logically implicated in the outbreak, was shut down, dis-
infected, and investigated [5, 7, 9, 10].

In early January 2020, all mimicking etiologies such as
the influenza virus, severe acute respiratory syndrome
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Fig. 1 Epidemiologic timeline of events concerning the COVID-19
pandemic [1,5,11-13]
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coronavirus (SARS-CoV), and Middle East respiratory
syndrome coronavirus (MERS-CoV) were excluded,
and the causative agent recognised as a novel coronavi-
rus, now labelled as “severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)” by the International Com-
mittee on Taxonomy of Viruses [7, 9, 14, 15]. It has been
genomically sequenced for the first time by scientists of
the National Institute of Viral Disease Control and Pre-
vention [16].

The initial transmission event(s), also known as ground
zero, are believed to have occurred at the Huanan Sea-
food Market in Wuhan, via single or multiple animal-
to-human transmission events, possibly from bats and
pangolins captured and sold at the market. The magni-
tude of the initial bat-to-human transmission event is
not yet known however [7, 16—18]. From those initial
cases infected by zoonotic transmission, Chan et al. [19]
reported subsequent and successive human-to-human
transmission to have occurred. Chan et al. [19], reported
a case of a family of six who had travelled to Wuhan
from elsewhere in China, with no history of visiting the
market, but with a history of visit for only two of the six
members to a hospital in Wuhan; the first 2 members
contracted the virus from the hospital (possibly from an
infected person), and then went on to transmit it to the
remaining family members [19]. As such, results of Chan
et al. [19] are consistent with person-to-person transmis-
sion and with travel-related transmission.

While there has been some speculation regarding alter-
native origins of the virus, such as it being engineered
in a laboratory and subsequently being released or acci-
dentally escaping, Anderson et al., (2020) describes that
SARS-CoV-2's genomic features are highly inconsistent
with any laboratory-related scenario of spread/escape, re-
emphasising its natural origins with relation to bats [20].

The emergence of SARS-CoV-2 coincided with the Chi-
nese Lunar New Year, which is China’s most celebrated
occasion, with millions of people traveling from their
residence back to their families and hometowns in other
provinces and cities [21]. With an estimated cumulative
number of trips amounting to upwards of 3 billion over
the 40-day holiday period, an estimated 5 million people
had already left Wuhan before the Chinese government
implemented a travel ban in late January 2020, making
containment of the outbreak difficult [21]. In fact, Zhao
et al. [22] found a strong correlation between domes-
tic train-travel from Wuhan to other provinces and the
spread of SARS-CoV-2 across China.

Shortly thereafter, positive cases for SARS-CoV-2
began emerging worldwide, facilitated by air travel; both
Wuhan and Beijing airports had hundreds of flights to
22 and 54 countries daily, respectively, before the imple-
mented travel bans [23—-25]. As of February 25, 2021, the
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WHO reports a total of 112,224,022 confirmed cases
and 2,491,171 confirmed deaths in 236 countries or ter-
ritories worldwide, equating to a resultant overarching
death rate of 2.22% per case of COVID-19 [4]; it is worth
mentioning however, that the aforementioned percentage
is a simplified calculation based on numbers provided by
WHO, and that earlier estimates of the actual global case
fatality rate (CFR) vary between 0.3 and 3% [11, 26, 27],
with concrete evidence showing CFR to sharply increase
with age and comorbidities [28], and by territory [11].
Globally, the list of worst-affected countries includes the
United States (28+ million cases; 500,000+ deaths), India
(11+ million cases; 156,000+ deaths), Brazil (104 mil-
lion cases; 245,000+ deaths), Russia (4+ million cases;
85,000+ deaths), and the United Kingdom [UK] (4+ mil-
lion cases; 121,000+ deaths). [4]. The spread of COVID-
19 has not been proportional to the sizes of the regional
populations, which may indicate a range of contributing
factors, from containment and screening measures to
population demographics (Fig. 2).

During the progression of the outbreak, the situation
in Italy had been particularly concerning, with a CFR
of 14.44% (95% CI 14.29-14.58) on May 26, 2020 [29].
Additionally, it was reported that Italian infection rates
mimic an exponential curve, with unease and doubt
regarding whether the Italian healthcare system would be
able to cope [30]. Likewise, the outbreak that took place
in Iran had been of particular concern, specifically due to
the fact that at least six neighbouring countries (Bahrain,
Iraq, Kuwait, Oman, Afghanistan, and Pakistan) have
reported cases of COVID-19 related to travel from Iran
[31].

Likewise, the status of the United States had been just
as concerning, being the leading nation in cases and
in deaths, housing over a fifth of the total number of
infected people worldwide. Even conservative estimates
reported in early 2020 showed that the outbreak in the
United States may push the American healthcare system
beyond its capacity [32]. Indeed The United States had
faced a dire shortage in Personal Protective Equipment
(PPEs) and ventilators in March 2020 [33], with a small
national reserve not equipped for such an unprecedented
demand [34]. An increase in ventilator production how-
ever soon followed, replenishing the CDC Strategic
National Stockpile of Ventilators by September, 2020
[35].

The epicentre of the COVID-19 pandemic has been,
and continues to be, dynamic in nature. It had begun in
Asia, before transitioning to Europe, then the Americas,
and back to Europe (UK) with a variant strain [4, 36]. The
WHO had warned that Africa’s increasing infection rates
may possibly place it as the next epicentre for the pan-
demic [37], but that did not seem to manifest.
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Percentage of World Population vs. Percentage of COVID-19 Cases
By Continent
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Fig. 2 Comparison between prevalence of COVID-19 cases in each continent as a percentage of global cases, and their respective population size

as a percentage of global population [11]

A number of studies have attempted to model the epi-
demiological trajectory of the COVID-19 pandemic.
Neher et al. (2020), demonstrated that simulation models
show a small peak in early 2020, followed by a larger peak
in winter 2020/2021 in temperate regions of the Northern
Hemisphere [38]. In contrast to this, Wilson et al. (2020)
reported that predictions of infection rates and CFRs
are highly variable and difficult to establish, given COV-
ID-19’s widespread reach and country-specific infec-
tion rates, control efforts, and wildly varying testing and
reporting rates [39]. Indeed, an early predictive model set
forth by the CoronaTracker Community Research Group
anticipated the outbreak to peak before February 20,
2020, which did not occur [40]. The US Centre for Dis-
ease Control (CDC) however has been utilising a diverse
list of models from various universities and institutes that
adopt a range of statistical and machine learning meth-
odologies, to a fair degree of accuracy [41]. Furthermore,
attempts at forecasting epidemiologic dynamics via novel
markers, such as mean viral loads as indicated by Cycle
threshold values, have surfaced [42]. It is worth mention-
ing, however, that the disease trajectory to date has been
exponential: It took around 3 months for the first 500,000
cases to be registered, and a week for the second 500,000.
Likewise, it took two weeks to get from the first million to
the second, but three days from the 31st to the 32nd mil-
lion [3]. As of July 2020, countries such as China, Japan,
Singapore, and most Middle East countries reported a
doubling number of cases between every 5 to 10 days,

while the majority of countries, such as the United States,
Canada, Italy, Iran, Turkey, and the United Kingdom had
cases doubling every 2 to 5 days [43]. This of course was
largely fluctuating as the outbreak progressed.

Over time, variant strains of COVID-19 began to
appear, often with slightly varying characteristics. The
new highly transmissible SARS-CoV-2 strain/variant
identified in the UK (London and southeast England) in
December, 2020 (named “VUI-202012/01” or “B.1.1.7")
has since spread to many countries, including Ireland,
Denmark [44], India [45], and Italy [46]. Since then, other
seemingly related and newly identified variants have been
implicated in surges of cases in France, South Africa,
Israel, Brazil, Japan, and South Korea [44] (REFERENCE
1002), creating public unrest and stress on the already-
strained global public health and vaccination efforts to
contain COVID-19 [47]. Another novel strain (named
“501Y.V2’, which shares one mutation with B.1.1.7 [48],
first identified in South Africa [49], has also spread to
neighbouring Botswana, as well as distant countries such
as the UK and France [44, 48, 49].

Virulence

The causative agent of COVID-19 is the SARS-CoV-2,
which has become the 7th known member of the
coronavirus family that causes disease in humans. It
is a beta-coronavirus that consists of a long single-
stranded positive-sense  RNA molecule, surrounded
by a lipid envelope that anchors many structural viral
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glycoproteins, most important of which is the spike gly-
coprotein [50]. The virus has been found to be about 80%
similar in genetic sequence to SARS-CoV, with less simi-
larity to MERS-CoV [18]. An earlier phylogenetic analysis
of 103 strains of SARS-CoV-2 in China showed that there
are two different types of the virus, an L type and an S
type, with the L type forming the majority (70%) of the
isolated strains [51].

The SARS-CoV-2 protein likely to be involved in the
pathogenesis of COVID-19 is its spike glycoprotein,
which has been shown to interact with host cell targets
such as the ACE2 receptor and CD26, and is the same
viral protein involved in the pathogenesis of SARS [2, 52].
The spike glycoprotein consists of two subunits: S1 (for
ACE2 receptor binding), and S2 (for plasma membrane
fusion). Upon plasma membrane fusion, the spike pro-
tein is cleaved by host proteases, releasing a spike fusion
peptide which facilitates viral entry into the host cell [53,
54]. It has been shown that the SARS-CoV-2 spike glyco-
protein has a stronger binding affinity to host cell ACE2
receptors than SARS-CoV, and therefore a higher infec-
tious potency [55]. Moreover, the SARS-CoV-2 spike
glycoprotein has been shown to contain a unique cleav-
age site not found in other SARS-like coronaviruses [56].
The identification of the unique features of SARS-CoV-2
such as its spike glycoprotein, the host cell receptors it
binds, and the host proteases that act on the virus could
be essential in understanding disease pathogenesis, and
therefore identifying potential treatment modalities.

The source of SARS-CoV-2 is difficult to confirm, how-
ever it most likely originated from bats due to its genetic
similarity to bat coronaviruses. Zhou et al. (2020) were
the first to display that the SARS-CoV-2 is 96% identical
to the bat coronavirus at the whole-genome level [18],
and this figure was similarly reported by Yu et al. (2020),
who reported that the virus was 96.11% identical to a bat
SARS-like coronavirus strain (RaTG13) [57]. It is also yet
to be identified whether virus transmission is directly
from one organism, or through an intermediate host.
Pangolin coronaviruses were found to be 91.02% identi-
cal to SARS-CoV-2 at the whole genome level (second
most identical after RaTG13 bat coronavirus), and there-
fore there is great belief that pangolins may be the inter-
mediate hosts for virus transmission to humans [58, 59].
Another study by Zhu et al. (2020) suggested that bats
and minks are the two reservoirs of the virus, with minks
being the intermediate hosts [60].

Pathogenesis

The complete pathogenesis of SARS-CoV-2 is yet to
be fully comprehended. It is believed that the virus is
inhaled through respiratory droplets and acquires entry
into the respiratory tract through the nasopharyngeal
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mucosal membranes. In about 80% of cases, the virus
resides in the upper respiratory tract leading to an innate
immune response that is mild and requires conservative
symptomatic therapy. The remaining 20% of cases expe-
rience a much severe form of the disease; the virus dif-
fusely invades and destroys lung alveolar cells, leading to
a systemic inflammatory response with ‘cytokine storm,
followed by healing and fibrosis [10, 61]. One study has
suggested that intussusceptive angiogenesis may be a part
of the pathophysiology of COVID-19; this is a unique dis-
ease characteristic when compared to other viral illnesses
like influenza. However, this association remains to be
further studied and confirmed [62]. Regarding extra-pul-
monary manifestations, the virus may disseminate into
the blood and affect organs that express ACE2 receptors,
such as the lungs, heart, kidneys, and gastrointestinal
tract [63, 64].

Disease severity ranges from asymptomatic to severe,
with the latter shown to be associated with older age
and presence of comorbidities [65]. The most com-
mon symptoms being reported are fever and cough [66].
Severe disease involves acute respiratory distress syn-
drome (ARDS), which can also be associated with severe
pneumonia. In fact, the most commonly reported cause
of death is respiratory failure [67]. The pneumonia most
commonly presents with bilateral multiple lobular and
subsegmental areas of ground-glass opacities on CT
scan [68]. Non-respiratory complications of COVID-
19 may include septic shock (reported in 81.2% of non-
survivors in one case series) [69], acute liver injury [70],
acute kidney injury [71], ocular problems [72], neuro-
logical manifestations [73], and resemblances of dis-
seminated intravascular coagulation (reported in 71%
of non-survivors in a case series) [74]. Another compli-
cation of increasing concern is the formation of diffuse
microvascular thrombi—this has led some health institu-
tions worldwide to recommend thromboprophylaxis for
all COVID-19 patients [75].

Several months after the start of the outbreak, a Kawa-
saki-like disease had been associated with COVID-19
presentation; one province in Italy had detected a 30-fold
increase in the incidence of Kawasaki-like disease [76].
Now referred to as multisystem inflammatory syndrome
in children (MIS-C), the most common associated signs
and symptoms include abdominal pain, vomiting, skin
rash, diarrhoea, and hypotension, with a majority hav-
ing gastrointestinal, cardiovascular, and/or dermatologic
or mucocutaneous involvement. The complications are
often severe, requiring ICU care in the majority of cases
[77].

COVID-19 has also been linked with chemosensory
dysfunction; loss of sense of taste and smell has been
widely reported in cases of COVID-19, sometimes
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as the only symptom [78, 79]. This has led the WHO
to add loss of smell and/or taste to the official list of
COVID-19 symptoms [80].

When compared to SARS and MERS-CoV from a
clinical perspective, COVID-19 shares many of the
clinical features seen in those diseases; however, it
has been associated with fewer occurrences of gastro-
intestinal and upper respiratory tract symptoms [81].
Several other complications and underlying pathologic
mechanisms continue to be reported as potentially
associated with COVID-19 (Fig. 3) [77, 82-86].

Risk factors

The presence of comorbidities has been associated
with a worse COVID-19 prognosis; these specifically
include cardiovascular disease, diabetes, respiratory
disease, and smoking [87, 88]. Elevated levels of blood
markers such as lactate dehydrogenase, D-dimers,
procalcitonin, serum ferritin, and interleukin-6, as
well as leucopoenia, were also found to be associ-
ated with worse COVID-19 outcomes, and therefore
could potentially be used to monitor disease prognosis
[89-91]. The cytokine storm induced by SARS-CoV-2
brings with it a multitude of cytokines; Yang et al. [68]
found that interferon gamma induced protein (IP10),
interleukin-1 receptor antagonist (IL-1ra), and mono-
cyte chemotactic protein-3 (MCP-3) were significantly
associated with increased COVID-19 severity and pro-
gression [92]. One case series suggested that throm-
bocytopenia was significantly associated with death in
COVID-19 [93]. The use of non-steroidal anti-inflam-
matory drugs (NSAIDs) during suspected COVID-19
had also been widely discouraged, due to belief that
those drugs may worsen disease outcomes [94]. Recent
evidence however seems to suggest there may be no
increased risk posed [95]. Other reports hypothesized
that ACE inhibitors and nicotine exposure may be
associated with cardiorespiratory manifestations in
COVID-19 due to upregulation of ACE-2 receptors
(which is essential for SARS-COV-2 cell entry), how-
ever this remains to be properly studied [96-98]. A
protective role however has also been suggested due
to the drug limiting angiotensin II related pro-inflam-
matory signalling, as well as limiting breakdown of
bradykinin, which would attenuate hypertension and
prevent ventricular apoptosis [99]. In fact, paradoxi-
cally, ACE inhibitors suppress TMPRSS2 expression
which is an essential co-receptor for SARS-COV-2 cell
entry [99]. Evidence on the effect of NSAIDs and ACE
inhibitors on COVID-19 outcomes remains inconclu-
sive [100].
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Transmission and precautions

COVID-19 is transmitted from person-to-person
through droplet spread, similar to other subtypes of
the coronavirus family. The virus may infect a host by
coming in contact with any mucosal linings, including
mouth, nostrils, and eyes, either directly as respiratory
air droplets (suspended in the air when an infected per-
son coughs, sneezes, or talks) or by touching a contami-
nated surface and then touching a mucosal surface (when
droplets rest on a surface; fomites) [101]. COVID-19’s
reproduction number (R,) continues to fluctuate, with
estimates from a meta-analysis ranging from 1.4 to 6.49,
with a mean of 3.28, a median of 2.79; which is higher
than that of SARS [102].

Most worryingly, viral spread can occur through
infected asymptomatic individuals, referred to as asymp-
tomatic transmission. This is largely due to the virus’s
rather long incubation period, the median of which is
estimated around 5.1 (95% CI 4.5 to 5.8) days, but can
extend to over 14 days in some cases. By 11.7 days (95%
CI 9.7 to 14.2), 95% of people have been shown to dem-
onstrate symptoms of the disease [103].

In a study exploring aerosol and surface stability,
SARS-CoV-2 was found to have a very similar profile to
SARS-CoV in terms of stability kinetics [104]. The esti-
mated median half-life of SARS-CoV-2 in aerosols is
believed to be 1.1 to 1.2 h (95% CI 0.64 to 2.64). Both
viruses were more stable on plastic and stainless steel,
with viable viruses still detected after 72 h of contamina-
tion. The half-life of SARS-CoV-2 on stainless steel and
plastic were 5.6 days and 6.8 days respectively. On copper,
no viable SARS-CoV-2 was measured after 4 h, in con-
trast to SARS-CoV-1 which was only undetectable after 8
hours [104]. Contrary to this, on cardboard SARS-CoV-2
lasted longer (24 h) than SARS-CoV-1 (8 h) [104]. The
estimated median half-life of SARS-CoV-2 in aerosols is
believed to be 1.1 to 1.2 h (95% CI 0.64 to 2.64) [104].

Closed-environments are believed to be grounds for a
superspreading event in the transmission of COVID-19.
In one study in Japan, 110 positive cases among eleven
clusters were contact traced. The study found that the
odds of a primary case transmitting COVID-19 in a
closed-environment was 18.7 times greater compared to
an open-air environment, (95% CI 6.0-57.9). The odds of
a superspreading event (defined in this case as transmis-
sion to three or more persons), in a closed environment
was as high as 29.8 that of an open-air environment (95%
CI 5.8-153.4) [105].

The association of weather or meteorological factors
with the spread of COVID-19 has been highly contested
in public and scientific discourse. One study from China
found that meteorological factors play an independent
role in COVID-19 transmission. Specifically, that low
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temperatures, low humidity, and a mild diurnal (daytime)
temperature range favours the transmission [106]. On
the other hand, another study from China as well, found
that after adjustment for relative humidity and ultraviolet
(UV) radiation, temperature had no significant associa-
tion with cumulative incidence rate, indicating that trans-
mission of the virus would not change with increasing
temperature. Furthermore, exposure to UV radiation was
not significantly associated with cumulative incidence
rate after adjusting for temperature and relative humid-
ity either. Relative humidity, maximum temperature, and
minimum temperature, were likewise not significantly
associated with cumulative incidence rate or the repro-
duction number of COVID-19 [107].

Although the main mode of SARS-CoV-2 transmis-
sion is person-to-person, a number of isolated cases of
animals have been reported to test positive for SARS-
CoV-2 following close contact with infected humans.
Preliminary findings suggest that, of the animal species
investigated so far, cats are the most susceptible species
to SARS-CoV-2 and can be affected with clinical disease.
In the laboratory setting, cats were able to transmit infec-
tion to other cats. Ferrets also appear to be susceptible
to infection but less so to disease and were also able to
transmit infection to other ferrets. Dogs appear to be
susceptible to infection but appear to be less affected
than ferrets or cats. Egyptian fruit bats were also infected
in the laboratory setting but did not show signs of dis-
ease or the ability to transmit infection efficiently to
other bats. To date, these preliminary findings suggest
that poultry and pigs are not susceptible to SARS-CoV-2
infection [108]. Despite this, there is no evidence to sug-
gest that infected animals are playing a role in the spread
of COVID-19. Nevertheless, the WHO advises caution at
live animal markets and avoiding any direct interaction.
Good food safety practices are also recommended espe-
cially when dealing with raw animal products [101].

One of the newest COVID variants; B.1.1.7 VOC
(Variant of Concern) 202012/01, first detected in the UK
and predominantly identified in people younger than
60 years, has been linked to an increasing incidence of
COVID-19, but higher mortality or particularly affected
groups have not been reported according to the Euro-
pean Centre for Disease Prevention and Control [109].
Upon further investigation, trends have shown that VOC
202012/01 has clear transmission advantage over the
non-VOC strain. Epidemiological studies have shown
that despite the increased transmissibility, the VOC cases
are expected to decline faster than non-VOC cases [110].

An epidemiological study from the Imperial College
of London has quantified the transmission advantage of
the VOC in comparison to the non-VOC lineages both
additively as an increase in R that ranged between 0.4
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and 0.7, and also multiplicatively, wherein the increase
in R ranged between a 50% and 75% advantage [110].
Additionally, there has been a small shift towards peo-
ple under their 20 s being more affected by the VOC,
but the mechanism that underlies these differences is
not yet understood [110].

From a sexual transmission standpoint, SARS-
CoV-2 has been detected in the semen of patients
with COVID-19 and may also be present in the semen
of recovering patients. Owing to the fallibility of the
blood-testis/deferens/epididymis  barriers, SARS-
CoV-2 may be seeded to the male reproductive tract,
especially in the presence of systemic local inflamma-
tion. It has not been proven, however, that COVID-19
can be spread through sexual transmission [111]. Simi-
larly, the virus has also been detected in other non-
respiratory samples such as stool, blood and ocular
secretions [112, 113].

With regards to pregnant women, physiological
changes in pregnancy and an immunocompromised sta-
tus could increase susceptibility [114]. However, evidence
suggests no risk of increased maternal—fetal transmis-
sion. In a cohort of 38 pregnant women, Schwartz et al.
(2020) [115] reported no evidence of transplacental or
intrauterine transfer. The WHO reports that pregnancy
and childbirth do not necessarily aggravate the disease
course in the mother [116]. Additionally, the literature is
limited with regards to whether COVID-19 can be trans-
mitted in breast milk. In a sample of 6 women, Mullin
et al. (2020) [117] were unable to report any findings of
the virus in maternal breast milk. However, a sympto-
matic mother may transmit the illness if in close contact
with the neonate. Therefore, social distancing is impor-
tant, and following appropriate precautions, pumped
breast milk may be fed to the neonate by another car-
egiver. During this process, the mother should ensure
she follows strict contact precautions, such as wearing
gloves and a face mask, to reduce the risk of transmis-
sion, as well as the routine disinfection of surfaces. Note
that breastfeeding should not be discouraged unless the
mother is acutely ill [118].

The most important public precaution to contain
the outbreak remains to be social distancing [119]. It is
advised to remain at home except for necessity, which
has prompted the implementation of various travel bans,
curfews, strict screening procedures, and self-isolation or
governmental/hospital quarantine [120]. Moreover, mass
gatherings are not advised [121]. The American Acad-
emy of Ophthalmology also recommends wearing glasses
instead of contact lenses, to decrease eye-touching ten-
dencies [122]. Finally, it is advised to keep a minimum of
2 m distance between individuals to minimise transmis-
sion [80].
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As of April 3 2020, the CDC also recommends wear-
ing cloth face coverings in public settings, especially
in areas of significant community-based transmission
[123]. There has been much debate regarding the effec-
tiveness of various forms of face coverings. A meta-
analysis of RCTs found that surgical/medical masks
offered similar protection against viral respiratory
infection (including coronavirus) in health-care work-
ers during non-aerosol generating care as N95 respira-
tor masks [124]. Another systematic review found that
that cloth face coverings offered limited efficacy com-
pared to medical grade masks, but can be improved
by using a multi-layer cloth mask made of cotton in
combination with synthetic cloth material, as well as
by improving the fit, and disinfecting it regularly [125].
Finally, a population modelling study found masks of
various efficacy to be useful in preventing both illness in
health individuals as well as preventing asymptomatic
transmission. Hypothetical scenarios of near-universal
(80%) adoption of moderately (50%) effective masks in
US states were found to potentially prevent 17-45% of
projected deaths over two months. Even masks of very
low (20%) efficacy were found to be useful if underly-
ing transmission rates were low or decreasing, reduc-
ing mortality by up to 24-65% in such scenarios [126].
As such, in view of the evidence, universal face cover-
ing/masking has been adopted as a potentially effective
public health tool in curtailing community transmis-
sion [127].

These extreme measures are necessary to curb the
transmission rates and for individuals to protect them-
selves and others by decreasing the likelihood of expo-
sure to those sick or infected, while also decreasing
transmission by infected individuals. The overwhelming
of healthcare systems would otherwise be an imminent
risk. Other important measures include maintaining
hand hygiene and avoiding touching the face after touch-
ing other surfaces [128]. Studies on symptomatic patients
showed that significant environmental contamination by
patients with SARS-CoV-2 through respiratory droplets
and fecal shedding suggests that the environment is a
potential medium of transmission and supports the need
for strict adherence to environmental and hand hygiene
and precaution [129].

In addition to the above-mentioned public precau-
tions, the Recommended Interim Infection Prevention
and Control (IPC) Recommendations for Patients with
Suspected or Confirmed COVID-19 in Healthcare Set-
tings by the CDC provides an extensive list of preventive
measures for both healthcare professionals and patients
under Section 2 of their guidelines: [https://www.cdc.
gov/coronavirus/ 2019-ncov/hcp/infection-control-rec-
ommendations.html] [130].
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Whether COVID-19 is airborne or not has been a
source of uncertainty during the start of the outbreak.
In fact, 239 scientists submitted signatories appealing to
the medical community and relevant national and inter-
national bodies to recognise the potential for airborne
spread of COVID-19, via microscopic respiratory drop-
lets at a distance of up to several meters [100]. Experi-
mental data supports the possibility that SARS-COV-2
may be transmitted via aerosols produced emitted during
speaking and coughing, which can travel for up to 27 feet.
This so-called airborne transmission has become a worry
as SARS-COV-2 RNA was shown to be recovered from
air-samples in hospitals; underlining the risk of poor ven-
tilation prolonging the amount of time in which aerosols
will remain airborne and thus an infection risk [129].
Despite the presence of such data indicating the possibil-
ity of aerosol-based transmission, data on infection rates
and transmissions in populations during normal daily
life has proven difficult to reconcile with long-range air-
borne/aerosol-based transmission [131].

Nonetheless, for the time being, the use of airborne
precautions, specifically the use of the N95 Respirator
Masks or equivalent, is warranted in aerosol-producing
procedures as declared by the CDC, under Section 1
of their guidelines: [https://www.cdc.gov/coronavirus/
2019-ncov/hcp/infection-control-recommendations.
html] These procedures include tracheal intubation, non-
invasive ventilation, manual ventilation before intuba-
tion, bronchoscopy, administration of high-flow oxygen
or nebulized medications, tracheotomy, cardiopulmo-
nary resuscitation, and upper endoscopy, but not naso-
pharyngeal or oropharyngeal specimen collection [132].

Another precautionary method of interest had been the
use of hydroxychloroquine in post-exposure prophylaxis.
This, however, has not proven to be particularly effective.
In a randomized trial of hydroxychloroquine as post-
exposure prophylaxis for COVID-19, the incidence of
new illness compatible with COVID-19 did not differ sig-
nificantly between those receiving hydroxychloroquine
and participants receiving placebo [133]. Hydroxychloro-
quine has also completely failed as an effective prophy-
laxis in a double-blind, placebo-controlled trial among
health-care workers [134]. Alternatively, the most prom-
ising prophylaxis thus far, is the use of the COVID-19
vaccines [135].

Screening and diagnosis

Successful containment of COVID-19 is heavily reliant
on its accurate diagnosis and efficient population screen-
ing. Currently, nucleic acid testing to detect SARS-CoV-2
(RNA genetic identification) is the primary method of
diagnosis. Reverse transcription polymerase chain reac-
tion (RT-PCR) kits, using upper or lower respiratory


https://www.cdc.gov/coronavirus/
https://www.cdc.gov/coronavirus/
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html

Mallah et al. Ann Clin Microbiol Antimicrob (2021) 20:35

samples, is considered gold standard [136]. Due to short-
age of kits, and fairly high false negative rates, CT scans
(reported variably with higher sensitivities [137]) have
been considered for use in patients with clinical and
epidemiologic indications for COVID-19 but a nega-
tive RT-PCR [138, 139]. CT scans may also be benefi-
cial as a prognostic test to ascertain disease progression
[138, 139]. COVID-19 patients with pneumonia may
in fact have lung abnormalities on chest CT (ground-
glass opacities), but an initially negative RT-PCR [140].
Of note however, up to approximately 50% of patients
with COVID-19 infection may have normal CT scans
0-2 days after onset of flu-like symptoms [138]. Addi-
tionally, CT findings, which have much lower specificities
thant viral tests, may overlap with many other viral res-
piratory illnesses and may be completely absent in many
positive patients [141]. The former points must thus be
considered when diagnosing patients and interpreting
the results. The American College of Radiology’s recom-
mendations echo those of the CDC, which emphasise
that viral testing (more conventionally, RT-PCR) remains
the most specific and confirmatory standard test for
COVID-19 [141].

Current progress is being made to develop rapid and
accurate point-of-care tests that would reduce the bur-
den on clinical laboratories and speed up the screening
process. For instance, the FDA authorized use of a point-
of-care test delivering positive results in as little as five
minutes and negative results in 13 min. The molecular
test identifies a small section of the virus’ genome then
amplifies it for detection [142]. Antigen testing, specifi-
cally rapid forms, have also been a centre of attention,
with some countries making them available commer-
cially [143]. However, antigen tests are generally consid-
ered less sensitive than RT-PCR, but just as specific [144,
145]. As such, a negative test should often be followed up
by an RT-PCR test, which remains the gold standard for
diagnosing COVID-19 [145]. Other tests that are less fre-
quently used or undergoing testing, utilise loop-mediated
isothermal amplification, lateral flow, and enzyme-linked
immunosorbent assays [100, 107].

As for screening, it is an essential tool for risk commu-
nication, and thus outbreak containment. Several studies
have attempted to estimate the effectiveness of current
common screening procedures. Gostic et al. [146] found
that in a growing epidemic, and under best-case assump-
tions, the median fraction of infected travellers detected
is only 0.30 (95% confidence interval: 0.10-0.53). The
total fraction detected was found to be lower for pro-
grams with only one layer of screening, with arrival
screening preferable to departure screening considering
possibility of developing symptoms during travel [146].
In a simulation of 100 SARS-CoV-2 infected travellers
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planning to board a flight, it was estimated for the base-
line scenario that 44% (95% CI 33-56) of them would be
detected by exit screening, no case (95% CI 0-3) would
develop severe symptoms during travel, another 9% (95%
CI 2-16) additional cases would be detected by entry
screening, and the remaining 46% (95% CI 36-58) would
not be detected [147]. Overall, viral testing is only one
aspect of what should be a comprehensive approach to
outbreak containment via surveillance, including symp-
tom-screening and intensive contact tracing [148].

More innovatively, a study by Qin et al. [149] attempted
to create an effective and affordable model to predict new
cases in a population. Influenced by the current context
of the digital age, social media search indexes (SMSI) for
“dry cough’, “fever’;, “chest distress’, “coronavirus’, and
“pneumonia” were tracked and collected from December
31st, 2019 to February 9th, 2020. SMSI was found to be a
predictor of new suspected COVID-19 confirmed cases,
and could be detected 6-9 days earlier than the official
diagnostic confirmation [149]. This social media-driven
approach could therefore be used by national task forces
to estimate the new incidence of disease symptoms in the
population and prepare accordingly.

Patient management

Management of COVID-19 is contingent on disease
severity. In patients with mild disease, the CDC and
WHO recommend home isolation in an effort to allevi-
ate the burden on healthcare systems worldwide. Addi-
tionally, in patients with mild disease, hospitalization is
not advised unless signs of rapid deterioration are evi-
dent, such as respiratory distress [132, 150, 151]. Patients
should be educated about important self-isolation meas-
ures, such as wearing a face mask at home, disinfecting
commonly touched services in co-habited areas, not shar-
ing washrooms or utensils, and practising social distanc-
ing. According to the CDC, the decision to discontinue
home isolation is contingent on both test and non-test
based strategies (see: https://www.cdc.gov/coronavirus/
2019-ncov/hcp/disposition-in-home-patients.html).
The decision as to which strategy to employ is based on
patient and system-level factors such as co-morbidities,
immunogenicity, and the availability of testing resources.
A non-test-based strategy involves discontinuing home
isolation if at least 24 h have passed since resolution of
fever without the use of anti-pyretic medications, and
other symptoms (e.g. cough, shortness of breath) have
improved. In addition, at least ten days must have passed
since the appearance of symptom onset. Alternatively,
the test-based strategy additionally involves two negative
results on nasopharyngeal swabs at least > 24 h apart but
is generally not recommended (due to prolonged viral
shedding in some cases despite lack of contagiousness)


https://www.cdc.gov/coronavirus/2019-ncov/hcp/disposition-in-home-patients.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/disposition-in-home-patients.html

Mallah et al. Ann Clin Microbiol Antimicrob (2021) 20:35

except in cases of severe immunosuppression or if other-
wise indicated [152].

In the case of outpatients with mild to moderate dis-
ease who are at high risk of disease progression, SARS-
CoV-2 neutralizing antibodies (e.g., bamlanivimab plus
etesevimab or casirivimab plus imdevimab) may be con-
sidered [153, 154].

While patients with mild disease may be able to self-
isolate and recover, those with severe disease require
hospitalization. This may include complications of
SARS-CoV-2 such as pneumonia, ARDS, and sepsis. In
response to the COVID outbreak, the CDC has devel-
oped a preparedness checklist for hospitals to optimize
management of patients from triage to discharge (See:
https://www.cdc.gov/coronavirus/2019-ncov/downl
oads/hcp-preparedness-checklist.pdf], as well as interim-
clinical guidance for management of confirmed cases
[See: https://www.cdc.gov/coronavirus/2019-ncov/hcp/
clinical-guidance-management-patients.html).

Upon admission after triage, regular vital signs should
be monitored to prevent clinical deterioration such as
septicaemia and ARDS. Antimicrobial agents should also
be given if a clinical diagnosis of pneumonia is made. In
addition, the use of supplemental oxygen may be war-
ranted with high-flow oxygenation and non-invasive pos-
itive pressure ventilation if hypoxemic respiratory failure
is suspected. More severe cases may warrant the need
for invasive mechanical ventilation or ECMO. Antivirals
(e.g. remdesivir) and, more importantly, corticosteroids
(e.g. dexamethasone) may be warranted in cases of severe
disease. More recently, anti-inflammatories such as toci-
lizumab have gained interest. The WHO and US National
Institute of Health, as well as a wide range of institutions
worldwide, continue to update and publish their recom-
mendations as new evidence appears. (A living WHO
guideline on drugs for COVID-19: https://www.bmj.
com/content/370/bmj.m3379) (The US NIH COVID-19
treatment guidelines: https://www.covid19treatmentguid
elines.nih.gov/whats-new/).

Considering the prevalence of coagulopathies as a
cause of mortality in COVID-19 patients, standard dose
antithrombotic prophylaxis has been recommended in
order to circumvent incidences of venous and arterial
thrombotic events in hospitalised patients with mild
disease. Full-dose therapeutic low-molecular-weight
heparin should also be considered in moderately ill hos-
pitalised patients, and should be considered in the case
of patients with mild disease who present with indicators
of hypercoagulability (e.g. elevated D-Dimer levels) or
confirmed VTE (positive point of care ultrasound or CT
angiography) [155-159]. Recent data however suggests
that in the case of patients with critical illness or those
admitted to the ICU, therapeutic dose anticoagulation
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may worsen mortality-related outcomes due to the
increased risk of bleeding—Instead, a prophylactic-
intensity anticoagulation dosage is recommended if no
thrombosis is suspected or confirmed [160, 161]. A high-
intensity pharmacologic thromboprophylaxis (interme-
diate dose low-molecular-weight heparin) in selected
intensive care patients may be ideal to balance between
the increased risk of bleeding in this critically ill patient
population and the overall COVID-19 related pro-
thrombotic state. However, randomized controlled trials
are needed to evaluate this strategy. Generally, it is cru-
cial to evaluate overall bleeding and thrombosis tenden-
cies to ensure a personalized management plan informed
by the presence of co-morbidities, contraindications (e.g.,
bleeding tendencies), and other patient-level factors.

Management in children

The literature suggests that children generally display
milder disease and have a better prognosis than adults
[162-164]. In a systematic review of 45 studies, Lud-
vigsson (2020) concluded that children generally have a
milder spectrum of disease, and overall, have accounted
for only 1-5% of all COVID cases, with death being
exceedingly rare [164]. In another study of 2000 children
from China, Dong et al. [216] reported that only 13%
of children with COVID-19 were symptomatic [165].
However, a limitation of this study was that ‘infected’
status was based on clinical diagnosis and not labora-
tory confirmation [166]. In another more recent system-
atic review of clinical manifestations in children with
COVID-19, 1124 RT-PCR-confirmed cases from 38 stud-
ies were included. Out of the cases with severity classified
(n=1117), 14.2% were asymptomatic, 36.3% mild, 46.0%
moderate, 2.1% severe, and 1.2% were critical. It should
be noted however that since the results are from patients
who presented for medical attention, it is likely that they
overestimate the severity of illness in children. Overall,
clinicians should have a high level of clinical suspicion,
since most cases of COVID-19 in children are asympto-
matic or mild, and since reported symptoms of fever and
respiratory illness were noted to be not as prevalent as
with adult cases [167].

An asymptomatic state could provide the perfect
opportunity for children to be implicated in community-
based transmission as asymptomatic carriers, and be
implicated in family cluster outbreaks, thus emphasis-
ing the importance of educating them about maintaining
appropriate hygiene, social distancing, and reassurance
aimed at mitigating fears regarding the illness. While
children may have a better prognosis than adults, this
does not necessarily mean they are less susceptible to
infection with SARS-CoV-2. In fact, Zheng et al. [162]
reported that while children have more favourable
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prognoses, those <3 years often had critical illness in the
form of pneumonia, which may be due to close contact
with a caregiver or family member [162]. Additionally,
one retrospective study from.

Pediatric cases in Wuhan suggests that children
younger than 2 years were most susceptible to SARS-
CoV-2 from the pediatric population [168]. Thus, in
hospitalized children management should include intra-
venous fluids, oxygen support, nutritional aid, and
maintaining electrolyte balance [164]. In children with
airway compromise, respiratory distress, or suspected
sepsis, airway management and oxygen therapy to tar-
get SpO2>94% are essential to improve clinical out-
comes [169]. If mechanical ventilation is unavailable,
bubble continuous positive airway pressure (CPAP) is
recommended as an alternative [170]. MIS-C has addi-
tionally been a major concern in the pediatric popula-
tion. Management is often supportive, but may include
anti-inflammatory measures (e.g., administration of
intravenous Immunoglobulins and steroids). Aspirin for
concerns regarding coronary artery involvement as well
as thrombotic prophylaxis due to associated hypercoag-
ulable state, may also be considered [171]. See: (https://
www.who.int/publications-detail/clinical-management-
of-severe-acute-respiratory-infection-when-novel-cor-
onavirus-(ncov)-infection-is-suspected) for complete
management of the hospitalized pediatric patients.

Management in pregnancy

Currently, a paucity of data exists on COVID-19 and
management during pregnancy. The American College
of Obstetricians and Gynecologists (ACOG) recom-
mends that management in pregnant individuals should
be the same as non-pregnant females (see: https://www.
acog.org/-/media/project/acog/acogorg/files/pdfs/clini
cal-guidance/practice-advisory/covid-19-algorithm.pdf).
However, a review of guidelines recommends designat-
ing an area for COVID-19 positive pregnant patients, or
those under investigation. Additionally, early discharge
from hospital (one day for vaginal delivery and two days
for cesarean delivery) is encouraged to reduce risk of
transmission [118]. However, despite the evidence, there
remains limited literature on the effects of SARS-CoV-2
on pregnant females, such as its effects on the fetus and
on labour, if any; more robust studies are thus warranted.

Cardiovascular controversies

Cardiovascular disease and injury has been reported
as both a co-morbidity associated with severe disease,
and a complication associated with mortality [87, 172].
SARS-CoV-2’s cellular entry via ACE2 receptors has
implicated the heart, where these receptors have been
reported to be present [173]. This fact triggers multiple
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controversies regarding the interplay of the virus with
the cardiovascular system. The first question of whether
patients with chronically up-regulated ACE2 recep-
tors, such as those on ACE inhibitors, are more prone
to viral uptake has been a topic of debate. The second
being the need to stop, start, or continue such medica-
tions and their effect on the progression of the virus.
The ACE-like enzyme appears to partially reverse the
effects of its homolog by reverse converting angioten-
sin II to angiotensin 1-7. This will theoretically result in
lessening the known vasoconstriction and remodelling
effects associated with the renin—angiotensin—aldoster-
one system (RAAS), which is a hypothesis that has been
utilized to explain the benefits of this strategy in animal
models [174, 175]. The lack of data and randomized tri-
als on humans have led many prominent cardiovascular
societies to advise against changing clinical practice with
regard to the use of RAAS inhibition for the sole purpose
of mitigating the pandemic, and instead to continue the
standard indication-based utilization. In fact, a case-pop-
ulation study has demonstrated no increase in risk, and
even a decreased COVID-19 risk associated with use of
RAAS inhibitors in certain populations [176]. However,
the use of RAAS inhibition in general is avoided in the
setting of vasoplegic shock, which continues to apply for
those COVID-19 patients who progress to what has been
recently described as stage III (severe) or systemic hyper-
inflammation [89].

The other main controversy that stemmed from the
ACE2 receptor binding mechanism is that of cardiac
injury observed in COVID-19, particularly in those that
progress to severe disease. Epidemiologic data from Shi
et al. (2020) has not only highlighted the common occur-
rence of such injury but also proved its association with
higher mortality through regression models [172, 177].
What continues to be debated is the etiology of said car-
diac injury; the first theory being inflammatory cytokine
storm-mediated injury rather than an isolated myocar-
dial injury that may be associated with an imbalance in
oxygen supply and demand. The other perspective is a
direct viral injury caused by the viral binding to the ACE2
cardiac receptors (leading to myocarditis). In either case,
it seems reasonable to monitor cardiac troponins, par-
ticularly high sensitivity troponin at baseline and then at
set intervals when elevated in all hospitalized COVID-
19 patients [178]. This is relevant due to the aforemen-
tioned association of cardiac injury with mortality, as
well as given the results of a recent meta-analysis of all
COVID-19 studies that included troponin measure-
ments, highlighting the specific elevation in those with
severe infection [179].

Several of the potential medications in the treatment
of COVID-19 have QT prolonging potential including
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lopinavir/ritonavir, azithromycin, and both chloroquine
and hydroxychloroquine [180], and thus risk of torsades
de pointes (TdP) and sudden cardiac death. Lack of
clinical data with favipiravir also suggests the need for
monitoring. QT prolongation after single oral doses of
favipiravir 1200 mg and 2400 mg has not been reported
with this agent except in one case report, where it was
found to prolong the QT at higher doses [181, 182].

Below is a suggested protocol for monitoring patients
on agents with QT prolonging potential:

1. Discontinue and avoid all other non-critical QT pro-
long agents

2. Assess baseline ECG, renal and hepatic function,
serum potassium and magnesium

3. When possible, have an experienced cardiologist/
electrophysiologist measure QTc, and seek pharma-
cist input in the setting of acute renal or hepatic fail-
ure

4. Assess baseline risk of QT prolongation using the
Tisdale risk score [183]

5. Relative contraindications: history of long QT syn-
drome or baseline QTc >500ms

6. Ongoing monitoring includes telemetry, laboratory
studies, and ECG 2-3 h after the second dose and
daily thereafter

7. Duration of use of these medications for COVID-19
infection is short (5 to 10 days for acute illness)

Vaccination efforts
The ultimate and time-sensitive goal in combating the
COVID-19 pandemic is the development of a successful
preventative vaccine. As of 25 February 2021, there are 12
SARS-CoV-2 vaccines that have been approved/author-
ized for full or emergency use in different areas around
the world, with over 200 million doses administered
worldwide [11, 184]. This experience with the develop-
ment of COVID-19 vaccines has been a testimony to the
outcomes that can be achieved with sufficient resources
and international collaboration. Considering the trend of
major coronavirus pandemics every decade so far in the
twenty-first century, such international effort for an opti-
mised and efficient emergent vaccine production plan is
needed for long-term safeguarding of global health.

The current target of SARS-CoV-2 vaccines is the viral
S glycoprotein. In fact, it was also the target for the devel-
opment of vaccines against other coronaviruses, with
attempts made in the past to develop S glycoprotein-
based SARS and MERS vaccines [185, 186]. The S glyco-
protein is responsible for both viral binding to the host
cell receptor (ACE2 receptor), and host-viral membrane
fusion for viral replication. Therefore, it is believed that
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S glycoprotein-based vaccines should induce the produc-
tion of antibodies that block receptor binding and viral
genome uncoating [187]. It has also been shown that the
presence or absence of other viral glycoproteins does
not affect the immunogenicity of the S glycoprotein nor
its ability to bind to the ACE2 receptor, further warrant-
ing the use of this glycoprotein for vaccine development
[188]. The possibility of developing a ‘pan-CoV’ vaccine
is also being studied, owing to the genetic homogene-
ity between coronaviruses. However, it has been shown
that different residues exist between SARS-CoV-1 and
SARS-CoV-2, specifically in the S glycoprotein; therefore,
antibodies produced against SARS-CoV-1 may not be
effective against SARS-CoV-2 [189].

There are currently 6 vaccines approved for full use,
and 6 others authorized for limited use against COVID-
19 by various countries worldwide [190]. Additionally,
there are 21 other vaccines currently in Phase III, 27 in
Phase II, and 42 in Phase I [190]. Table 1 elaborates on
the available details for each of the approved/authorized
vaccines. They include inactivated vaccines, recombinant
adenovirus (human and non-human) vaccines, and novel
mRNA-based vaccines. Current studies have shown that
many of these vaccines provide significant protection
against severe COVID-19 (often up to 100%), and to a
lesser extent, symptomatic COVID-19. Side effect pro-
files tend to be mild to moderate, and acute [191-202].
Both the long-term efficacy and side effects of these vac-
cines remain to be determined, as well as their ability to
prevent transmission (sterilizing immunity).

Novel potential therapies

As discussed, current management of COVID-19 is sup-
portive, with respiratory failure from ARDS being the
leading cause of mortality [203]. Although the clinical
safety of older medications has been established, includ-
ing safety profile, side effects, physiology, and drug inter-
actions, some medications may cause serious adverse
reactions, both known and unclear, in patients with
COVID-19 [203].

During the viral infection process—including intracel-
lular transport, proliferation, and assembling of virions
in the infected cell—structural and functional proteins,
as well as some proteases, play a key part in the virus’s
pathogenesis, suggesting that targeted-therapies against
SARS-CoV-2 infection could be a promising strategy.
Some drugs have displayed potent inhibitory effects on
the virus in vitro and in vivo; however, not all mecha-
nisms are clear [203]. Considering the seriousness and
suddenness of the pandemic, over 200 clinical trials on
COVID-19 had commenced in China alone a couple
months into the reporting of the outbreak, and have suc-
cessfully reported that certain targets and their agents
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Table 1 Vaccine candidates for COVID-19 as of February 25, 2021 [191-202]
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Vaccine name

Organization/Institute(s)

Manufacturer

Comments

BNT162b2
MRNA-1273

AZD1222 (Covishield)

SputnikV
CoronaVac
Ad5-nCoV

INJ-78436735
BBIBP-CoRV

EpiVacCorona

Covaxin

CoviVac

Kaiser Permanente Washington Health
Research Institute

University of Oxford
The Jenner Institute

Gamalaya Research Institute of Epidemi-
ology and Microbiology

Sinovac Research and Development Co.
Ltd

Tongji Hospital in Wuhan, China

Janssen Vaccines and Prevention BV
Henan Provincial Center for Disease
Control and Prevention

Federal Budgetary Research Institution
State Research Center of Virology and
Biotechnology

Pfizer, BioNTech
Moderna

AstraZeneca

Gamalaya Research Institute of Epidemi-
ology and Microbiology

Sinovac
CanSino Biologics

Janssen Vaccines and Prevention BV

Beijing Institute of Biological Products,
and Sinopharm

Bharat Biotech, National Institute of
Virology

Chumakov Federal Scientific Center for
Research and Development of Immune

mRNA-based vaccine
95% effective after the second dose

mRNA-based vaccine
94.1% effective after the second dose

Chimpanzee adenovirus vaccine vector
62.1% and 90.0% effective in 2 different
dosing regimens

Recombinant adenovirus vaccine
91.6% effective after the first dose

Formalin-inactivated and alum-adju-
vanted vaccine

Recombinant vaccine incorporating
adenovirus type 5 vector

Non-replicating viral vector vaccine
Inactivated vaccine

Peptide vaccine

Inactivated vaccine

Inactivated vaccine

and Biological Products

- Wuhan Institute of Biological Products

Sinopharm

Inactivated vaccine

have displayed strong antiviral potential, of which some
have been permitted to be used in clinical trials [204].

Scientists have suggested multiple existing compounds
to undergo clinical trials to determine their efficacy
against COVID-19. The international “SOLIDARITY”
trial, developed by the WHO, had set to test the effi-
cacy of five different treatment modalities: (1) standard
of care, (2) standard of care plus Remdesivir, (3) stand-
ard of care plus Lopinavir and Ritonavir, (4) standard of
care plus Lopinavir, Ritonavir and Interferon beta, and
(5) standard of care plus Hydroxychloroquine [205]. On
the other hand, the UK’s national Randomized Evalua-
tion of COVID-19 Therapy (RECOVERY) Trial encom-
passed several primary and branching treatment arms
in addition to standard of care; these include the use of
Lopinavir and Ritonavir, Azithromycin, low-dose corti-
costeroids, convalescent plasma, and Tocilizumab [206].
Furthermore, the US National Institute of Health (NIH)
launched the Accelerating COVID-19 Therapeutic Inter-
ventions and Vaccines (ACTIV) trial, which is set to test
in outpatient and inpatients settings, various immune
modulators, monoclonal antibodies, antithrombotics,
anti-retrovirals, and convalescent plasma [207]. Data has
also emerged from independent studies and trials world-
wide, which have contributed to the developing interim
clinical consensus.

Dexamethasone

Low-dose Dexamethasone, a potent steroid, is currently
the most promising potential therapeutic for severe
COVID-19. In the RECOVERY trial, 2104 patients were
randomized to receive dexamethasone for ten days
and compared with 4321 patients randomised to usual
care alone. Dexamethasone was found to reduce deaths
by one-third in ventilated patients and by one fifth in
patients receiving oxygen only. However, there were
no statistically significant benefits among patients who
did not require respiratory support [208] —A point that
needs to be stressed in order to avert cases of self-treat-
ment, over-treatment, and drug-shortage. These findings
have encouraged the WHO, NIH, and CDC to recom-
mend the use of dexamethasone or alternative gluco-
corticoids/corticosteroids such as hydrocortisone where
appropriate [209, 210].

Furthermore, a meta-analysis was conducted on 7 ran-
domized clinical trials in 12 different countries, evalu-
ating the efficacy of corticosteroids in 1703 critically ill
patients with COVID-19. The meta-analysis showed that
dexamethasone reduced 28-day mortality compared to
standard of care or placebo by 36%. On the other hand,
hydrocortisone and methylprednisolone did not sig-
nificantly reduce mortality [211]. Similarly, a large sys-
tematic review and network meta-analysis on 85 trials
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enrolling 41,669 COVID-19 patients found that corticos-
teroids were the only therapeutic to reduce mortality and
morbidity (mechanical ventilation) to a moderate extent
compared to standard of care—A finding that did not
similarly transfer to remdesivir, azithromycin, hydroxy-
chloroquine, lopinavir/ritonavir, interferon-beta, or toci-
lizumab [212].

The WHO's living guidance on COVID-19 therapeu-
tics, developed in partnership with Magic Evidence
Ecosystem Foundation (MAGIC), is based on a current
systematic review and network analysis of all relevant
trials. The results report lower mortality rates in critical
or severe COVID-19 patients who are on corticosteroids
(specifically, dexamethasone), as well as increased hyper-
glycaemia. The analysis includes tens of trials with an
evidence quality of “low” to “moderate”. Thus, the use of
dexamethasone in severe/critical COVID-19 patients is
“strongly” recommended. On the other hand, due to “low
quality” data showing increased mortality in non-severe
cases of COVID-19 taking corticosteroids, it is “weakly”
recommended against [213].

As such, dexamethasone seems to be a reasonable ther-
apeutic for severe and critical COVID-19 patients who
require supplemental oxygenation, both invasive and
non-invasive [213, 214].

Remdesivir

Remdesivir (GS-5734), an experimental intravenous drug
originally developed for the treatment of Ebola virus,
inhibits viral replication by inhibiting RNA-dependent
RNA polymerase [215]. Notably, Remdesivir has dem-
onstrated antiviral activity in treating MERS and SARS
[216]. The first COVID-19 patient diagnosed in the
United States—A young man in Washington—was given
Remdesivir when his condition worsened; he improved
the next day, according to a case report in the New Eng-
land Journal of Medicine [217]. The drug has since then
been tested in a number of RCTs globally. Remdesivir is
currently the only antiviral drug that the CDC does not
recommend against using [218]. It is recommended by
the NIH either as monotherapy or with dexamethasone,
in cases of hospitalized patients who may or may not
require supplementary oxygenation [214]. WHO guide-
lines however do not find there to be enough evidence as
of now to recommend its use [213].

The first double-blind randomized trial conducted with
Remdesivir (n=158) versus placebo (n="79) in severe
COVID-19 patients found no significant difference in
primary outcome of time to clinical improvement within
28-days either in the intention-to-treat analysis or the
per-protocol analysis. Clinically speaking however, the
results slightly favoured Remdesivir over placebo in both
analyses [219].
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In another RCT, the National Institute of Allergy and
Infectious Diseases announced the interim results of
their Adaptive COVID-19 Treatment Trial (ACTT;
NCT04280705)—A phase 3, randomized, double-blind,
placebo-controlled trial. The trial involved 1062 patients,
and was conducted at 68 sites in the USA, Europe, and
Asia. Preliminary results suggested that patients treated
with Remdesivir had a 31% faster time to recovery
(11 days vs 15 days) than those who received placebo
(p<0.001). However, the survival benefit of Remdesi-
vir (8.0% mortality rate) was not statistically significant
compared to the placebo group (11.6%; p=10.059) [220].
Recent update from the first stage ACTT-1 further sug-
gests benefits for the use of remdesivir in the setting of
COVID-19. The trial, which assigned 541 patients to
treatment and 521 to placebo, reported a shorter median
recovery time (10 vs 15 days) in patients who received
remdesivir (rate ratio for recovery, 1.29; 95% CI 1.12 to
1.49; P <0.001). The Kaplan—Meier estimates of mortality
were also lower for the treatment group, with a hazard
ratio of 0.73 (95% CI 0.52 to 1.03) [221].

Furthermore, the SIMPLE trial; an open-label, rand-
omized, phase III trial in 15 countries primarily com-
pared clinical improvement of 5-day versus 10-day
treatment duration of Remdesivir in addition to standard
of care, in hospitalised patients with severe COVID-19
(n=397). The study reported similar outcomes between
the 5-day and the 10-day treatment course, which, inter-
estingly, was slightly in favor of the 5-day course. An
exploratory analysis of the data, using pooled data from
both arms, found that more patients were discharged ear-
lier when Remdesivir was started early within 10 days of
symptoms onset [222].

In contrast to the mentioned evidence, recent reports
from the WHO SOLIDARITY Trial suggests a lack of
benefit for Remdesivir. A total of 405 hospitals in 30
countries participated, with a total of 11,266 randomized
adults, 2750 of which were allocated to Remdesivir. A
total of 301/2743 (10.97%) patients expired on Remdesi-
vir, compared to 303/2708 (11.1%) from the control. The
death rate ratio or relative risk for Remdesivir was there-
fore 0.95 (0.81-1.11, p=0.50), suggesting a lack of ben-
efit or hazard. The preprint also reports a meta-analysis
that combines data from 4 trials: SOLIDARITY, ACTT-
1, and two smaller trials; the Remdesivir versus control
death rate ratio or relative risk was insignificant, at 0.91
(95% CI0.79-1.05) [223].

As for the WHO?s living guidelines on COVID-19 ther-
apeutics, based on MAGIC’s meta-analysis, the results
reported no “important difference” in any clinical out-
come, including mortality, requirement and duration of
mechanical ventilation, and serious adverse events. All
evidence quality was classified as “low” or “very low’,
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concluding with a “weak” recommendation against use of
Remdesivir at any COVID-19 severity.

In the absence of further evidence, Remdesivir remains
a promising experimental drug in comparison to other
investigated therapeutics, with at most a moderate clini-
cal benefit. However, considering concerns of limited
availability, it has been recommended in light of the
recent evidence that treatment should be prioritized for
hospitalized patients requiring low-flow supplemental
oxygen, as they seem to derive the most benefit [224].

Tocilizumab (IL-6 antagonists)

Tocilizumab is a recombinant humanized monoclonal
antibody that targets interleukin 6 (IL-6); a pro-inflam-
matory cytokine that induces acute phase reactants (e.g.
CRP) [225], and is highly implicated in the resultant
cytokine storm. Since cytokine storms have been estab-
lished as an important pathogenic mechanism of mor-
tality in severe COVID-19 [226], the blocking of IL-6
activity may offer a promising therapeutic target in severe
COVID-19.

One retrospective observational cohort study on 544
adults with severe COVID-19 pneumonia compared a
non-randomly selected subset of patients who received
tocilizumab in addition to standard of care (n=179),
with the rest of the controls (n=2365). The study found
that after adjustment for potential confounding factors,
tocilizumab treatment was associated with reduced risk
of invasive mechanical ventilation or death (adjusted haz-
ard ratio: 0.61, 95% CI 0.40-0.92; p=0.02) [227].

The UK RECOVERY trial tested Tocilizumab in admit-
ted patients with COVID-19, adopting a randomized,
controlled, open-label, platform design. The study found
that patients allocated to tocilizumab were more likely to
be discharged alive within 28 days compared to standard
of care (54% vs. 47%; rate ratio 1-22; 95% CI 1-12—1-34;
p<0-0001). Additionally, among patients not on inva-
sive mechanical ventilation at baseline, those allocated to
tocilizumab were less likely to reach composite endpoints
of invasive mechanical ventilation or death (33% vs 38%,
risk ratio: 0.85; 95% CI 0.78-0.93) [228].

Finally, In the international, multifactorial, adaptive
platform trial REMAP-CAP (NCT02735707), both toci-
lizumab and sarilumab (another IL-6 inhibitor), met
predefined criteria for efficacy against COVID-19 in criti-
cally ill patients receiving organ support in ICU. An anal-
ysis of 90-day survival showed improved survival in the
pooled IL-6 receptor antagonist groups (n=414). When
compared to control group (412), patients receiving I1-6
antagonists had lower median organ support-free days.
The in-hospital mortality in the pooled Il-6 antagonist
groups was lower than the control group (27% vs 36%)—
Median adjusted odds ratio for in-hospital survival in the
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tocilizumab group was 1.64 (95% CI 1.14 to 2.35), and
2.01 (95% CI 1.18 to 4.71) for sarilumab as compared to
control [229].

In earlier reported trials, a clear benefit was not simi-
larly observed in the primary outcome [230-232]. In fact,
in one open-label RCT, it was suggested that tocilizumab
might even increase mortality and the study was stopped
early based on the interim analysis [233].

As such, the US CDC'’s treatment guidelines now rec-
ommend the use of tocilizumab in combination with dex-
amethasone in certain hospitalized patients who exhibit
rapid respiratory decompensation due to COVID-19.
Based on the results of the RECOVERY and REMAP-
CAP trials, these patients should be either (1) recently
hospitalized patients who were admitted to the ICU
within the prior 24 h, requiring invasive or non-inva-
sive ventilation, or HFNC, or (2) recently hospitalized
patients not in the ICU with rapidly increasing oxygen
demands (requiring HFNC or non-invasive ventilation)
and have significantly increased inflammatory markers
[234].

Anti-SARS-CoV-2 monoclonal antibodies
Monoclonal antibodies, currently undergoing initial
stages of testing, have been developed against SARS-
CoV-2’s virulence factors. The most prominent of these
tests is the Blocking Viral Attachment and Cell Entry
with SARS-CoV-2 Neutralizing Antibodies (BLAZE-1)
trial, targeting various components of the virus’s spike
glycoprotein and cell entry mechanisms. 533 patients
were included in the final analysis of Phase II of the study,
randomized to three main groups: Bamlanivimab mono-
therapy (700, 2800, and 7000 mg), combination treatment
group (bamlanivimab and etesevimab), or placebo. Com-
pared to placebo, the difference in the change in log viral
load at day 11 from baseline was only significant for the
combination group. As for secondary outcome measures
(symptom relief and clinical progression), each treatment
group had statistically significant differences in outcome
for 10 out of 82 of these endpoints. These findings how-
ever were restricted to non-hospitalised patients with
mild to moderate COVID-19 illness [154].
Yet-to-be-published results from Phase III of the
BLAZE-1 trial randomized 1,035 participants with mild
to moderate COVID-19 (but a high risk for disease pro-
gression) to either the bamlanivimab plus etesevimab
arm (n=>518) or to the placebo arm (n=517). The study
found that participants who received bamlanivimab plus
etesevimab as opposed to placebo had a 5% absolute
reduction and 70% relative reduction in risk for COVID-
19 related hospitalisation or death from any cause
(p<0.001). Additionally, there were no deaths in the
intervention arm, compared to 10 deaths in the placebo
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arm (p<0.001). Virus level decline was also greater and
more rapid in the group that received the combination
antibody therapy as opposed to placebo [234].

A Phase I/II randomized trial comparing a combina-
tion of casirivimab plus imdevimab to placebo has also
been conducted. Interim analysis suggests potential
clinical benefit from the combination therapy for outpa-
tients with mild to moderate COVID-19, who receive the
drug infusion a median of 3 days after symptom onset.
In terms of outcomes, 2% (8/434) of participants in the
pooled casirivimab plus imdevimab arm, as opposed
to 4% (10/231) in the placebo arm, were hospitalised or
required emergency department visits within 28 days of
treatment. In those specifically at higher risk for hospi-
talisation, 3% (4/151) in the combination therapy arm as
opposed to 9% (7/78) in the placebo arm were hospital-
ised or required emergency department visits [235].

As of recent, the US FDA issued emergency use
authorization for the use of investigational monoclo-
nal antibody therapy bamlanivimab for the treatment of
mild-to-moderate COVID-19 in adult and pediatric out-
patients [236]. Likewise, the US NIH echoed these rec-
ommendations, stressing on its use for those at increased
risk for disease progression [234].

Hydroxychloroquine

Hydroxychloroquine for a while had been the drug of
choice for large-scale use before the emergence of con-
troversial findings, due to its availability, safety record in
Malaria patients, and relatively low cost [237]. Chloro-
quine and its derivatives, including hydroxychloroquine
and chloroquine phosphate, have elicited antiviral effects
on several viruses such as SARS-CoV and Human Coro-
navirus 229E by interfering with endosomal acidification
[238]. Based on the advantage of known broad-spectrum
activity and supposed safe adverse effects profile, a series
of RCTs on chloroquine and its derivatives for COVID-
19 treatment advanced rapidly. Therapeutic effects were
observed in aspects of fever reduction, improvements on
CT imaging, and disease progression [238]. In light of the
preliminary clinical data, chloroquine had been added
to the list of trial drugs in the Guidelines for the Diag-
nosis and Treatment of COVID-19 published by National
Health Commission of the People’s Republic of China
[237].

Initially, Hydroxychloroquine seemed to be a promis-
ing drug in early small trials. An open label non-rand-
omized clinical trial conducted in France set out to test
the effects of Hydroxychloroquine and azithromycin. In
the study, a total of twenty COVID-19 positive patients
received 600 mg of hydroxychloroquine daily, and their
viral load measured on a daily basis in a hospital set-
ting. Depending on the patients’ clinical presentation,
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azithromycin was added to their treatment; a signifi-
cant reduction in the viral load at day 6 post Azihromy-
cin inclusion compared to control group was observed.
Additionally, in patients who had Azithromycin added
to Hydroxychloroquine, a synergistic effect was reported
[239]. As a single arm study nonetheless, this may have
been the normal course of the disease in this small sam-
ple size, allowing much room for bias. Another study, a
randomized parallel-group trial (n=62), suggested the
use of hydroxychloroquine could shorten time to clini-
cal recovery (body temperature and cough), and improve
pneumonia (ChiCTR2000029559) [240]. On the other
hand, a multicenter, open-label, randomized controlled
trial (n=150) found that the administration of hydroxy-
chloroquine with standard of care did not result in a sig-
nificantly higher probability of negative conversion by
day 28 (two negative PCR tests 24 h apart) than stand-
ard of care alone in patients hospitalized with persis-
tent mild to moderate COVID-19. Additionally, adverse
events were higher in hydroxychloroquine recipients
(ChiCTR2000029868) [241].

Overall, there has been much controversy with regards
to the use of Hydroxychloroquine in both scientific and
public discourse. The WHO halted the SOLIDARITY
trial's Hydroxychloroquine arm following a retrospec-
tive observational analysis published in The Lancet that
suggested an association with increased mortality [242,
243]. The paper was later retracted due to data integrity
issues, following announcement of resumption of WHO’s
hydroxychloroquine arm of the SOLIDARITY trial on
the basis of the available interim mortality data [244].

Hydroxychloroquine’s adverse event profile in healthy
has also been looked at in the HyPE study. In a retro-
spective, cross-sectional, web-based survey, data was
collected on COVID-19 negative and asymptomatic
healthcare workers (n=166) who were taking hydroxy-
chloroquine prophylactically. Overall, a higher incidence
of adverse events was reported (37.9%) compared to data
from studies of patients on long-term hydroxychloro-
quine therapy, with gastrointestinal bleeding being the
most common. This finding was more prominent in those
under 40 years of age. The self-reported nature of this
study remains a limitation [245].

In line with the growing negative attitudes towards
Hydroxychloroquine, the RECOVERY (NCT04381936)
trial found no significant difference in the primary end-
point of 28-day mortality, or any evidence of beneficial
effects on hospital stay duration or other outcomes, in
patients randomised to Hydroxychloroquine (n=1542)
vs usual care alone (n=3132) [246]. In another rand-
omized, double-blind, placebo-controlled trial (n=423),
the use of Hydroxychloroquine in non-hospitalised adults
4-days within symptom onset, did not substantially
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reduce symptom severity, but did significantly increase
prevalence of adverse events [247].

Finally, the WHO SOLIDARITY trial reported that
104 (10.98%) of 947 patients on hydroxychloroquine
had expired, compared to 84 (9.27%) of 906 controlled.
The relative risk or death rate ratio was therefore 1.19
(0.89-1.59, p=0.23)—The highest out of all the other
investigated drugs in the trial [223]. As for the WHO’s
living guidelines on COVID-19 therapeutics, based on
MAGIC’s meta-analysis, the results reported no “impor-
tant difference” in any clinical outcome, including mor-
tality, requirement for mechanical ventilation, admission
to hospital, and viral clearance at seven days. However,
there were fewer cases of diarrhoea and nausea/vomiting
reported in supportive care as opposed to hydroxychr-
loquine arm. All evidence quality was classified ranged
from “very low” to “moderate’; concluding with a “strong”
recommendation against use of Hydroxychloroquine for
COVID-19 patients at any severity [213].

In view of the emerging evidence, the FDA revoked
Hydroxychloroquine and Chloroquine’s emergency use
authorization to treat COVID-19 in certain hospital-
ized patients, unless a justifiable clinical trial is available
and participation is feasible [248]. Several large trials
have also been halted globally, including that of the US
National Institute of Health [249].

Lopinavir and ritonavir

This drug combination, sold under the brand name Kale-
tra, was approved in the US in 2000 to treat HIV infec-
tions. Lopinavir specifically inhibits HIV protease, an
important enzyme that cleaves a long protein chain
into peptides during the assembly of new viruses. Since
Lopinavir is readily broken down in the human body by
our own proteases, it is given with low levels of Ritona-
vir, another protease inhibitor, that prolongs the effects
caused by the action of Lopinavir. This combination has
been shown to inhibit the protease of other viruses as
well in-vitro, specifically coronaviruses [250].

Lopinavir and Ritonavir were investigated for their
potential to treat patients with SARS in China in 2003.
Furthermore, shortly after the emergence of MERS,
researchers also identified Lopinavir and Ritonavir as
inhibitors of MERS-CoV [237]. However, the first trial
of Lopinavir and Ritonavir to treat COVD-19 was not
encouraging [251]. This trial was an open-label, individu-
ally randomized, controlled trial, conducted in early 2020
in Wuhan, China. Of the 199 patients who underwent
randomization, 99 patients were assigned to the treat-
ment group with Lopinavir and Ritonavir twice a day for
14 days, in addition to standard care, and 100 patients
to the control group with standard care alone. Patients
assigned to the Lopinavir and Ritonavir treatment group
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did not have a time to clinical improvement that differed
from that of the patients assigned to standard care alone
in the intention-to-treat population [251]. Additionally, it
was determined that the viral RNA loads over time did
not differ between the Lopinavir and Ritonavir recipients
and those receiving standard care. Although treatment
with Lopinavir and Ritonavir did not significantly accel-
erate clinical improvement, reduce mortality, or dimin-
ish throat viral RNA detectability in patients with serious
COVID-19 in this study, it is important to note that both
groups were heterogeneous and received various addi-
tional treatments, including other pharmacologic inter-
ventions such as interferon (11%) and glucocorticoids
(34%) [252]. However, the median time from symptom
initiation was 13 days, which may not be ideal to iden-
tify a difference between groups, specifically that the
study was underpowered (recruitment was suspended
early due to Remdesivir being available for clinical trials).
Additionally, the recruited patients had more severe ill-
ness [251]—TIt is known to be questionable whether anti-
virals would have a significant role in later disease stages.

On the other hand, in a systematic review and meta-
analysis of the efficacy and safety of antiviral treatments
for COVID-19, Lopinavir-Ritonavir combination was the
only positive outcome with “low-quality evidence” sug-
gesting a small decrease in mortality and reduction in
length of hospital and ICU stay for severe COVID-19, in
addition to “moderate-quality evidence” suggesting likely
increases in diarrhea, nausea and vomiting. The other
drugs, including Hydroxychloroquine, Ribavarin, Inter-
feron, Umifenovir, and Favipiravir, were only met with
“very low-quality evidence” with little or no suggestion of
benefit for most treatments and outcomes in both non-
severe and severe COVID-19 [253].

The WHO SOLIDARITY trial recently reported that
the relative risk of Lopinavir (co-administered with Rito-
navir) was 1.00 (0.79-1.25, p=0.97) with a mortality of
148/1399 (10.58%), compared to 146/1372 (10.64%) in
the control group. Furthermore, the joint mortality com-
bining SOLIDARITY, RECOVERY, and other smaller tri-
als was 1.02 (95% CI 0.91-1.14) [223]. As such, the use of
these agents in COVID-19 patients is not supported by
the current evidence.

As for the WHO?s living guidelines on COVID-19 ther-
apeutics, based on MAGIC’s meta-analysis, the results
reported no “important difference” in any clinical out-
come, including mortality, requirement for mechanical
ventilation, admission to hospital, and viral clearance at
seven days. However, similarly to hydroxychloroquine,
there were fewer cases of diarrhoea and nausea/vomiting
reported in supportive care as opposed to the lopinavir-
ritonavir arm. All evidence quality was classified ranged
from “very low” to “moderate’; concluding with a “strong”
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recommendation against use of lopinavir-ritonavir for
COVID-19 patients at any severity [213].

Interferons

Interferons (IFNs) are cytokine proteins that bind to
cell surface receptors and initiate signalling cascades,
which have shown to be effective against many viruses
like Hepatitis B and Hepatitis C [254]. Studies evaluat-
ing the antiviral activity of types I and II interferons have
reported that interferon beta is the most potent inter-
feron in reducing in vitro MERS-CoV replication [254].
A combination of these drugs are now being tested on
MERS patients in Riyadh, Saudi Arabia, in the placebo-
controlled MIRACLE trial [255]. The study assesses the
feasibility, efficacy and safety of a combination of Lopi-
navir/Ritonavir and Interferon Beta-1b in hospitalized
patients with MERS [256].

The efficacy of this combination with interferon alpha
was analysed in a retrospective cross-sectional study
from two hospitals in Anhui, China, on 181 patients
with confirmed COVID-19. The analyses suggested that
early initiation of lopinavir/ritonavir plus IFN-a combi-
nation therapy was associated with a shortened duration
of SARS-CoV-2 RNA shedding (HR 1.649 [95% CI 1.162—
2.339] [257].

In another RCT (IRCT20100228003449N28) on the
efficacy and safety of Interferon Beta-1a in treating severe
COVID-19, a total of 42 patients were randomized into
the IFN group and 39 patients into the control group.
Time to clinical response was not significantly differ-
ence between both groups. However, more patients in
the IFN group were discharged on day 14 compared to
the control group (odds ratio=2.5; 95% CI 1.05 to 6.37).
Additionally, the 28-day overall mortality was signifi-
cantly lower in the IFN group (19%) vs control (43.6%,
p=0.015). Early administration was also found to signifi-
cantly reduce mortality [258].

Treatment with nebulized IFN-a2b has been shown to
be promising in a retrospective study of 77 hospitalised
patients with COVID-19. The study showcased a signifi-
cantly reduced duration of detectable virus in the upper
respiratory tract and a parallel reduction in duration of
elevated blood levels for inflammatory markers IL-6 and
CRP. This remained true when IFN-a2b was adminis-
tered with or without arbidol [259].

However, several of the studies mentioned suffer from
methodological limitations and relatively small sample
sizes. On the other hand, the WHO’s SOLIDARITY trial
reported based on about 4000 patients, that the mortal-
ity relative risk for IFN Beta-1a with Lopinavir co-admin-
istration was 1.16 (95% CI 0.96-1.39, p=0.11), and 1.12
(95% CI 0.83—1.51) without Lopinavir co-administration;
all of which point to lack of significant benefit. As such,
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the current evidence for the use of these Interferons in
the treatment of COVID-19 is not sufficient and is rec-
ommended against by the US CDC unless in the context
of a clinical trial [260].

Convalescent plasma

Treatment via convalescent plasma has also attracted
some attention, with several clinical trials currently
recruiting [261]. A retrospective, propensity score-
matched, case—control study that assessed convalescent
plasma therapy in 39 patients with severe or life-threat-
ening COVID-19 reported improved oxygen require-
ments, and survival [262]. One meta-analysis of three
clinical studies for COVID-19 in China, showed a statis-
tically significant improvement in clinical outcomes of
patients treated with convalescent plasma (n=19) com-
pared with historical controls (n=10; P <0.001) [263].

An RCT of COVID-19 severe pneumonia assigned
228 patients to receive convalescent plasma and 105 to
receive placebo. Overall mortality was 10.96% in the
intervention arm and 11.43% in the control group, which
was not statistically significant. No difference was noted
in the distribution of clinical outcomes according to a
6-point ordinal scale on day 30 either. SARS-CoV-2 anti-
bodies titres however tended to be higher in the conva-
lescent plasma group at day 2 after intervention, with
similar adverse events in both groups [264].

A living Cochrane systematic review (n=38,160 partic-
ipants of whom 36,081 received plasma) reports uncer-
tainty regarding convalescent plasma’s ability to decrease
all-cause mortality, and little to no difference in improve-
ment of clinical symptoms [265]. Potentially associ-
ated unwanted effects however, also with low evidence,
include death, allergic reactions, thrombotic or cardiac
events, and respiratory complications [265]. Blood clot-
ting (due to residually active pro-coagulant factors in
transfused convalescent plasma) has especially been
brought up as a concern, since COVID-19 patients are
considered at increased risk [266]. The evidence support-
ing this however remains low, as iterated by the Cochrane
review.

Note that another meta-analysis and systematic review
(n=35,055) reported that aggregation of mortality data
from all controlled studies, including RCTs and matched-
controls, indicated that patients transfused with conva-
lescent plasma exhibited 42% reduction in mortality rate
compared to patients receiving standard treatment (20%
vs 28%; OR: 0.58, 95% CI 0.47-0.71, P <0.001). Further-
more, an additional dose-response analysis found that
the aggregate mortality rate of COVID-19 patients trans-
fused early-on with higher-titre convalescent plasma was
lesser than that of patients transfused with lower titre.
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Overall, more information will be needed from clinical
trials before recommending this approach, thus remain-
ing as a last resort in compassionate use.

Global health response

The global response to the COVID-19 pandemic has
widely varied, including complete lockdowns, social dis-
tancing measures, and population screening policies—
or none of the above (Fig. 4). The outbreak continues
to exert pressure beyond capacity on countries globally,
revealing in some instances a lack of preparation and
infrastructure to protect the public and healthcare prac-
titioners, as was seen by the shortage in emergency medi-
cal supplies [267]. COVID-19 has proven to be difficult to
control as compared to previous outbreaks due to a large
number of cluster transmissions or superspreader events,
relatively limited health resources, and the unavail-
ability of rapid testing kits [268, 269]. As seen in Fig. 4,
countries that enforced public health measures early on
during the progression of their national outbreak, were
better able to control the spread of the virus compared to
other countries who had not done so. Additionally, vac-
cine roll-out responses have been widely variable. Several
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countries, such as China, Russia, India, the US, and the
UK, have been directly involved with the production of
vaccines [190]. Multiple other countries have instead
led randomized controlled trials testing their safety and
efficacy. In terms of vaccination rates, as of February
25, 2021, Israel, the United Arab Emirates, US, UK, and
Chile have had the highest total number of vaccination
doses per 100 people [270]. However, this list continues
to vary throughout the pandemic. Global equitable access
to vaccines has also been a major concern, which pro-
pelled the WHO’s COVAX initiative for accelerated equi-
table access to vaccines worldwide [271].

China and the border Asian region

On December 1, 2019, the first symptomatic patient
was identified with SARS-CoV-2 in the Huanan Sea-
food Market in Wuhan of the Hubei province in China;
the epicentre of the pandemic [6]. On January 23, 2020,
weeks after SARS-CoV-2 was identified, the Hubei
province underwent a lockdown. Other provinces fol-
lowed suit on February 11, 2020 due to an increase in
the number of cases nationally [273, 274], which began
to decline on March 15, 2020 [275]. The lockdown on
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Fig. 4 Comparison between the number of COVID-19 cases per million when public health containment initiatives were taken by the five
countries (Mauritania, Uganda, Laos, Vietnam, and Gambia) with the lowest number of cases per million and the five countries (Italy, Spain,
Switzerland, Belgium, Portugal) with the largest number of cases per million, in the first 30 days since their first confirmed case [11, 272]. Countries
with a population of less than one million or with exceptional circumstances (civil war) were excluded [11, 272]
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Woubhan is theorised to have delayed the spread to other
areas in China by 2.91 days and decreased the number
of cases by 33.3%. Additionally, it is thought to have
reduced worldwide spread by 77% with a two to three
weeks delay in the spread [273, 276].

Other areas in the Asian region responded quickly,
using strategies that were refined after the 2003 SARS
and 2009 HIN1 Influenza outbreaks. South Korea
responded by distribution of test kits early on, by Feb-
ruary 7, and implementing restrictive measures by
February 23, a month after their first case. Addition-
ally, they established 600 screening sites nationally [11,
277]. South Korea’s CFR as of February 25, 2020 is 1.8%
[11]. Taiwan also increased its laboratory capacity by
building a national program to include 27 laboratories
in the country, and currently boasts a CFR of 1.04%
[11, 278]. Meanwhile, Singapore announced an orange
alert 15 days after their first case. In January 2021, they
announced the use of the Moderna vaccines, in addi-
tion to implementing tighter restrictions on travels
from South Africa after reports of a new variant [279].
As of February 25, 2021, their CFR is less than 0.01%
[11]. Hong Kong, on the other hand, responded before
the appearance of their first case [280, 281]. It is note-
worthy that these countries have an elderly population
that forms only 10 to 14% of the country, which may
have contributed to their greater success in containing
COVID-19 when compared to other countries [269].

Nonetheless, Japan, which has the largest elderly
population (26%), boasted a relatively low number of
cases in comparison to Italy, which has the second
largest elderly population (23%). The reason behind
the difference between Japan and Italy’s total number
of cases is yet to be determined but has been theorised
to be due to a lower frequency of testing [282]. Due to
Japan’s initially limited testing capacities, the authori-
ties had opted to depend on mitigation measures [283,
284]. However, on January 19, 2021, Japan launched a
COVID-19 Robot testing system, and began mass ran-
dom PCR testing in cities [285]. As such, on February
25, 2021, Japan had done 60.31 tests per 1000 people
[11]. Japan has currently implemented a state of emer-
gency starting from February 2, 2021 up until March 7,
2021 in order to mitigate the “3rd wave” of COVID-19
that began in November 2020 [285, 286].

As of February 2021, the countries with the highest
cases in the region are India, Indonesia and Sri Lanka
[285, 287]. The region as a whole, excluding China,
houses 16.99% of global COVID-19 cases, and 18.06%
of the global deaths [11, 287, 288].
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Middle East and North Africa region

The majority of the region implemented mitigation strat-
egies, as described below [289]. Iran, the epicentre of the
region, began its efforts against COVID-19 on February
19, 2020 with the formation of the COVID-19 National
Committee. Partial restrictions were enforced, such as
cancellation of congregational prayers. Neighbouring
countries also suspended flights to and from Iran on Feb-
ruary 25, 2020 [31, 290]. As of February 2021, Iran has
closed all schools, placed a stricter travel ban and a night
traffic ban. They have also introduced a national vaccine
campaign [291]. Additionally, Saudi Arabia began taking
actions before their first case with the suspension of pil-
grimage visits [11, 292]. Following a short-lived return to
normal by July of 2020, a lockdown was brought back in
February 2021 to suppress a rise in cases [293]. Similarly,
Jordan enforced one of the strictest complete lockdowns
globally [294]. On October 1, 2020, schools and univer-
sities were shut down due to a cluster of cases linked to
the student population. By February 7, 2021, schools had
gradually begun re-opening. Additionally, Jordan was the
first country in the world to begin vaccinating refugees
and asylum seekers in its territories [295].

The Eastern Mediterranean Region makes up 6% of
cumulative cases worldwide, and 6% of the deaths over-
all [287]. Under-testing and lack of funding has been one
of the major points of struggle. Many countries, such as
Iraq, attempted to increase their testing by opening new
laboratories [296]. The WHO’s regional office has also
received support through an increase in PPE and labora-
tory supplies in Dubai and other countries. Financially,
$71 million in funds has been secured (Kuwait—$41 M;
Saudi Arabia—$10 M) [289, 292, 297]. The WHO has
also donated over 55 tons of health supplies to Syria
[298]. Another issue that has surfaced in the region is the
spread of COVID-19 among migrant workers’ camps, as
seen in Bahrain, and the wider GCC. The public health
policies have been widely dynamic, changing throughout
the pandemic as new evidence appeared. Countries like
Bahrain for instance cancelled their mandatory 10-day
quarantine and tracing bracelets for all travellers, as only
0.2% of arrivals were positive after the 10 days, which was
considered not significant enough to continue the meas-
ure [299]. Bahrain then began a nationwide vaccination
program, which placed it as one of the top three inter-
nationally throughout the period of December 2020 and
January 2021in terms of population vaccination rates
[300].

Europe and the UK
During March of 2020, Europe became the global epi-
centre of COVID-19 cases, and only began to see a
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reduction in its cases around June 2020. As of Septem-
ber 22, 2020, Europe made up 14.38% of cases worldwide,
ranking fourth out of the continents [11, 298]. The situ-
ation began in Italy, which rapidly deteriorated starting
from January 23, 2020, leading to a relatively high CFR.
On January 30, all travels to China were banned, followed
by severe mitigation policies (National Red Zone) which
were put in place from March to May 2020. By Febru-
ary 21, 2020, Travellers departing from Italy had spread
COVID-19 to 21 other countries [301]. Italy began its
reopening phase around May, 2020, easing out the sev-
eral month-long restrictions. [302] Different areas in Italy
seemed to report varying CFRs; studying the different
containment strategies in each area and their correlation,
if any, with the reported CFR, would be worthwhile [301].
As of February 25, 2021, Italy had a cumulative testing
rate of 648.8 tests per thousand people, bringing down its
CER from 14.4% during September of 2020, to 3.4% as of
February, 2021 [11, 303].

As of February 21, 2021, Europe ranks second (34%)
after North America (45%) in percentage of cumulative
cases [287]. The CFR of different countries in this region
greatly vary, with Iceland having the lowest CFR (0.5%)
and Bulgaria the highest (4.1%). Other countries fall
in between this range, such as Germany with 2.9%, and
Italy with 3.4% [11].The difference between the CFRs can
be attributed to many factors. In terms of age, an estab-
lished co-morbidity, a comparison between the average
age of the populations in Germany (46 years) and Italy
(63 years) may point towards a correlation. Another
potential factor is the capacity of the respective health-
care systems, with Germany’s ICUs providing 29 beds
per 100,000 people, compared to Italy with 12 beds per
100,000 people, and Spain with 10 beds. Additionally, the
timing of the response may be a main differentiating fac-
tor, as some public health measures were enforced rela-
tively late into the spread of COVID-19 [304]. Iceland for
instance, with a relatively low CFR, had started imple-
menting random testing (population screening) before
their first confirmed case. Patients with a negative result
in quarantine were re-tested, which contributed to 54%
of the confirmed cases [305].

Initially, the United Kingdom (UK) opted for a herd-
immunity approach; however, mitigation strategies were
implemented on March 18, 2020, when the daily new
COVID-19 cases reached 407 per day [11, 306, 307]. The
UK, at 382.1 deaths per million cases, has exceeded Italy’s
death toll at 298.1 deaths per million cases (As of Febru-
ary 25, 2021) [11]. However, the UK still remains lower on
the scale in comparison to the USA, which is at 2,090.9
deaths per million cases. Around August of 2020, the UK
began easing up lockdown measures, before resuming
stricter measures on November 5, 2020, announcing an
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ending date of March 2021. This reactive response may
have been as a result of the spike that was brought by the
reopening of education institutions gradually in June.
By doing so, the UK authorities risked raising the repro-
ductive number above 1 [308]. On November 8, 2020,
Scotland elevated their restriction to a level 5, meaning
individuals are only allowed to go out for an emergency.
Following this, a few travel restrictions were placed again,
such as a 14-days quarantine for travellers coming from
certain countries (e.g. Spain) starting from De